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Uses of ion traps

very incomplete reviem

- Atomic-optical clocks

-- Nlem second

-- Geodesy

-- Dark matter and newm physics search

- Quantum Infomration Procesosrs
== Quantum Computers
-- Quantum Simulators

- Fundamental Physics
-- Quantum-Classical transistion, quantum thermodynamics, etc.
-- Measurement of fundamental constants and atomic properties



ihy ion traps?
the main points

- lom temperatures (mK to uK)

© 00600009 O

- environment isolation Oxford, England: “°Ca*

Innsbruck, Austria: 4°Ca*
Boulder, USA: Hg*

- atom by atom control
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LINRF, Buenos Aires, Argentina

Aarhus, Denmark: 4°Ca* (red) and 2*Mg* (blue)



Ion trapping 101

-) Vacuum chamber, deep UHV P < 1072-11 mbar
-) Trap. Radiofrequency Paul/quadrupole trap
-) Atomic source.

-) Ionization mechanism

-) Cooling

—) Observation / Detection




Ion trapping 101

-) Vacuum chamber, deep UHV P < 102-11 mbar

Preparation

-—-) Backing, days or weeks

-—) Prepump + Turbo Pump

Tech advance:

-—-) 0il pre-pumps -> dry prepumps

Manitenace

--) Only "storing" pumps.

Typically before 2010

-—-) Ion getter + titanium sublimation
Typically now

--) Ion getter + NEG (non evaporative getter)




Ion trapping 101

-) Trap. Radiofrequency Paul/quadrupole trap
(a lot to say here)

Trends

-) miniaturization

-) segmentation

-) embeding optics and detection




Ion trapping 101

—-) Atomic source.

from ovens to laser ablation targets




Ion trapping 101

—) Ionization mechanism

from electron imact ionization to photoionization




Ion trapping 101

-) Cooling
Various steps laser cooling.

mK Range.
ubicuous Doppler cooling

uK Range.

sideband cooling

coherent population trapping cooling
polarization gradient cooling

etc... ongoing!




Ion trapping 101

) Observation / Detection

-) Microscope
typicaly x10 or x20 magnification
NA - wvacuum chalenge.

-) Detector
mirror image charges
PMTs (photo multiplier tubes)
Human eye
MCP + CCDs (multi cannel plates + charge coupled divices)
eMCCDs (electron multiplier CCD)
sCMOS (scientific complementary metal-oxide-semiconductor
PMT arrays, fiber bundles, etc.
APDs (avalanche photodiode)
skipper-CCDs?




A typical experiment

-) Laser Coolling ~ 100-1000 ps
-) Optical Pumping ~ 10 pus
—) Coherent Manupulation ~ 1-500 ps or even s

—) Detection 500-1000 us

EMCCD

L.Cooling OP| Coh.M.

Det.




A typical experiment

-) Laser Coolling ~ 100-1000 ps

EMCCD

-) Optical Pumping ~ 10 pus
—) Coherent Manupulation ~ 1-500 ps or even s
—) Detection 500-1000 us

(-) Iteration logic

repeat N times

L.Cooling OP| Coh.M. Det. 1




A typical experiment

-) Laser Coolling ~ 100-1000 ps

EMCCD

-) Optical Pumping ~ 10 pus
—) Coherent Manupulation ~ 1-500 ps or even s
—) Detection 500-1000 us

(-) Iteration logic

(-) Feedforward

repeat N times

L.Cooling OP| Coh.M. Det. 1 | Coh.M. Det. 2

feedforward



Laser systems + control electronics

——

. — from control
asers fiber '
-) Tunable lasers | electronics

' AOM
-) Frequency stabilization to experiment |

-) Frequency, amplitde and polarization control

Laser det.
Contol electronics
-) FPGAs
-) DSPs (MHz and GHz w/ phase control) féedbackloop

-) ADCs and DACs.



A multi ion experiment
challenges

—) 1ion addressing
-) mode cramping
-) ion loss

Oxford, England: “°Ca*

© 00600000 O

Innsbruck, Austria: “°Ca*

Boulder, USA: Hg*
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LIAF, Buenos Aires, Argentina

Aarhus, Denmark: “°Ca* (red) and >*Mg* (blue)



A multi ion experiment

the ion trap CCD solution

new challenges

—-) ions near surfaces: heating and noise
-) high voltages and minutarization

-) integration

D. Kielpinski,

Memory region
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Mlainz QIP platform

the ion Meeenzer ion CCD
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Team leader U. Poschinger, PI F Schmidt-Kaler
AVS Quantum Sci. 2, 014101 (2020); doi: 10.1116/1.5126186



Mlainz QIP platform

dimensions and overlook

w = 150 pm
d = 254 pum
h = 400 pm
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Team leader U. Poschinger, PI F. Schmidt-Kaler
AVS Quantum Sci. 2, 014101 (2020); doi: 10.1116/1.5126186



Mlainz QIP platform

assembly
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Team leader U. Poschinger, PI F. Schmidt-Kaler
AVS Quantum Sci. 2, 014101 (2020); doi: 10.1116/1.5126186



Mlainz QIP platform

main features

Trap
-) laser-cur, gold-coated alumina wafers

Filter/holder board
-) thick film printing on alumina wafers
—-) capacitor arrays

Team leader U. Poschinger, PI F. Schmidt-Kaler
AVS Quantum Sci. 2, 014101 (2020); doi: 10.1116/1.5126186



Mlainz QIP platform

electronics: FPGA+DACs

TasLEe |. Important performance specifications of the Mainz mAWG.

Characteristic Value Unit
Max. data transfer rate 730 MBit/s
Sequence memory 900 MB
Max. internal clock rate 400 MHz
Signal clock rate 50 MHz
Sample hold time resolution 20 ns
Min. analog sample update time 360 ns
Max. number of analog channels 80

Output voltage range +40 \%
Min. analog resolution 1.2 mV
Slew rate ~ 20 V/us
Noise floor <100 uV/v/Hz
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Team leader U. Poschinger, PI F. Schmidt-Kaler

AVS Quantum Sci.

2,

014101 (2020);

doi:

10.1116/1.5126186



Mlainz QIP platform

limitations: slew rate and glitches

- _digital input — digital input
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Team leader U. Poschinger, PI F. Schmidt-Kaler
AVS Quantum Sci. 2, 014101 (2020); doi: 10.1116/1.5126186



Mlainz QIP platform

filtering: trap RF and DAC noise

- crosstalk
- cutoff and slope

AVS

Team leader U. Poschinger, PI F.

Quantum Sci.
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Schmidt-Kaler
doi: 10.1116/1.5126186



Mlainz QIP platform - experiments

transport
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Team leader U. Poschinger, PI F. Schmidt-Kaler
Phys. Rev. Lett. 109, 080501 (2012)



Mlainz QIP platform - experiments

splitting
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Team leader U. Poschinger, PI F. Schmidt-Kaler
Phys. Rev. Lett. 109, 080501 (2012)



Mlainz QIP platform - experiments

rotation

18 us

Segment voltage (V)

6 9 12 15 18
Swapping progress (MJs)

TasLe lll. Motional excitation in mean phonon number induced by a single rotation

operation on a two-ion crystal. The values are obtained from averaging red sideband
excitation with respect to probe time, see Sec. VI E.

Secular
frequency/2n  Lamb-Dicke 7 after
Secular mode (MHz) (1) swapping Increase
axial:com 1.49 0.16(1) 0.36(2) 0.10(3)
axial:str 2.58 0.11(1) 0.28(2) 0.08(2)
transl:com 3.81 0.06(1) 0.34(2) 0.01(3)
transl:rocking 3.49 0.06(1) 0.37(2) 0.12(3)
trans2:com 4.63 0.065(3) 0.25(2) 0.04(2)
trans2:rocking 4.37 0.065(3) 0.23(2) 0.01(2)

Team leader U. Poschinger, PI F. Schmidt-Kaler

Phys. Rev. Lett. 109, 080501 (2012)



Mlainz QIP platform - experiments

Fast ion swapping for quantum-information processing
Main sequence

|14||15”16”17”18”19‘ ‘21”22”23“24”25"26‘

LIZ
cos Switching truth table
g separate ion crystal

shuttle each ion to LIZ for state preparation

‘00" merge
r'ed . SWAP
e,
-------------------------- ot ..o s Separate
@< o< g
: g o a” merge
: e
Yo\
\°A SWAP
o0
© o R Separate
........................... e ‘. . e
X g
Yol ;
\°A . SWAP
0. 2
o ‘e ® separate

shuttle each ion to LIZ for detection

recombine ion crystal

Team leader U. Poschinger, PI F. Schmidt-Kaler
Phys. Rev. Lett. 109, 080501 (2012)
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Mlainz QIP platform - experiments

Fast ion swapping for quantum-information processing

Full sequence Ll [ s sl J s oo [ ][]

ABC

nes
% T Zn .. PR Switching truth table
v ee iy dappler cooing
pre-sequence o <
v/ e e /\o post selecicn
J“L — o - RV \/  Ppostselecicn
v e o dopplercooteg
oo e siae preparation
> A\ v o e A @ state preparation
¥, l N »
v .y
v % | swap
A n : B
8 o
. Vo swae
V
% v
}.:. SWAP
shehing
shehing
v/ sheMng
v/ readout
post selection
post selection
v/ past selecion
\v4
\/  doppler coolng
csa Team leader U. Poschinger, PI F. Schmidt-Kaler

Phys. Rev. Lett. 109, 080501 (2012)



Mlainz QIP platform - experiments

Scalable Creation of Long-Lived Multipartite Entanglement
Main sequence

Entanglement protection for long times.

1.0—————— .\\\\é —3
D, B
g 0.8%%‘%%;;:;:::'_ ;%\'"%'n?__%...%. { }
c 0.6} 4 ﬂ NS }
8 i\\\“‘ %\\i\\% %
_-é‘ 0.4} \%g% \\%ﬁ%\ { }
S 0.2} % NS % 5555555555 }— ::_.'_"___
| N i ¢
0 O .......... . 1 . . . . 1 . . . . 1 .
0 20 40 \\ 500 1000 1500
storage time (ms)
rephasing 00 L1
_.:.___________‘_.‘______‘,,"_'.’..91.".01'_‘:_"'___‘_‘,__‘__‘__.,__.,_._._._._,_.,-_-,-.;-;..'.---' m-pulse
Nr:sf:; “ ““ m-pulse
sepa:a;e ion crystaI;
state tO_I:n_ography —
Y e Team leader U. Poschinger, PI F. Schmidt-Kaler

Phys. Rev. Lett. 109, 080501 (2012)
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